Abstract The main storage compound in lupin seeds is protein, whose content can reach up to 45-50 % of dry matter. However, seeds of some lupin species can also contain quite a large amount of storage lipid. The range of lipid content in lupin seeds is from about 6 to about 20 % of dry matter. Storage lipid in developing seeds is synthesized mainly from sugars delivered by mother plants. During seed germination, one of the main end-products of storage lipid breakdown is also sugars. Thus, the sugar level in tissues is considered an important regulatory agent, during both lipid accumulation and lipid breakdown. Generally, in developing legume seeds, there is a strong negative relation between accumulation of storage protein and storage lipid. Results obtained in developing lupin cotyledons cultured in vitro pointed to the possibility of a positive relation between protein and lipid accumulation. Such a positive effect could be caused by nitrate. During lupin seed germination and seedling development, the utilization of storage lipid is enhanced under sugar deficiency conditions in tissues and is controlled at the gene expression level. However, under sugar starvation conditions, autophagy is significantly enhanced, and it can cause disturbances in storage lipid breakdown. The hypothesis of pexophagy, i.e., autophagic degradation of peroxisomes under sugar starvation conditions during lupin seed germination, has been taken into consideration. The flow of lipid-derived carbon skeletons to amino acids was discovered in germinating lupin seeds, and this process is clearly more intense in sucrose-fed embryo axes. At least four alternative or mutually complementary pathways of carbon flow from storage lipid to amino acids in germinating lupin seeds are postulated. The different strategies of storage compound breakdown during lupin seed germination are also discussed.
Introduction
The main storage compound in mature lupin seeds is protein. Yellow lupin (Lupinus luteus L.) seeds, for example, can contain about 45 % protein in dry matter (Cerletti 1982 ). Similarly, a high level of protein occurs in Andean lupin (L. mutabilis Sweet) seeds, and its content can reach 40-50 % (Santos et al. 1997) . Lupin seeds contain two classes of proteins which, according to Osborn's classification, correspond to albumin and globulin fractions (Duranti et al. 2008) . The globulins dominate in lupin seeds. In yellow lupin, they might constitute up to 80 % of the total seed protein content (Gwóźdź 1988; Ratajczak et al. 1999) . In white lupin (L. albus L.) seeds, the albumin to globulin ratio is about 1/9 (Duranti et al. 2008) , and in Andean lupin seeds this ratio is about 1/5 (Santos et al. 1997) . Lupin seeds can also contain large quantities of storage lipid. An example of low lipid content is yellow lupin seeds, which contain only about 6 % of lipid in dry matter. Opposite to yellow lupin is Andean lupin, whose seeds contain the highest lipid amount among lupins, and the level of storage lipid can reach 20 % (Borek et al. 2009 ). In this case, Andean lupin seeds are similar to soybean seeds, which can contain 12-26 % storage lipid (Zhou et al. 2006) . Seeds of white lupin contain 7-14 % lipid in dry matter (Borek et al. 2009 ). Carbohydrate content in lupin seeds is on average about 36 % of dry matter, of which 26 % is fiber (Hedley 2001) . Mature, dry lupin seeds contain no starch (Borek et al. 2006; Duranti et al. 2008; Borek et al. , 2013a . However, starch temporarily occurs during lupin seed development, disappears during seed maturation and desiccation, and reappears during seed imbibition and germination (Borek et al. 2013a ). The comparison of seed chemical composition of several agriculturally important plants (including lupins) is presented in Table 1 .
In the research on mechanisms of regulation of storage lipid accumulation and storage lipid breakdown, sucrose is primarily considered. It is the substrate for storage lipid biosynthesis in developing seeds (Weber et al. 2005; Baud et al. 2008) and is one of the main end-products of storage lipid breakdown during seed germination (Graham 2008; Quettier and Eastmond 2009) . Sucrose is also an important regulatory agent that by modifications in expression of many genes can control among others the synthesis and degradation of storage compounds (Smeekens et al. 2010; Morkunas et al. 2012) . Other factors taken into account in the studies on lipid metabolism in lupin seeds are asparagine and nitrate. Asparagine is an essential amino acid in the nitrogen metabolism of lupin seeds (Ratajczak 1986 ). For example, in developing soybean seeds, this amino acid can constitute from 33 to 49 % of the free amino acid pool and enhances storage protein accumulation (Hernández-Sebastià et al. 2005) . In lupin germinating seeds, the level of asparagine can reach 30 % of dry matter, and it is a main transport form of nitrogen from source to sink tissues (Lehmann and Ratajczak 2008) . In white lupin, asparagine comprises 55-70 % of the nitrogen of xylem sap and 40-60 % of the nitrogen of stem base phloem sap. Organs with high proportions of their total nitrogen as free amino compounds have very high proportions (up to 80 %) of their soluble amino-N as asparagine (Pate et al. 1981) . And finally, this amino acid influences carbohydrate metabolism in developing and germinating lupin seeds. Asparagine significantly reduces the soluble sugar level and simultaneously increases starch content in organs of lupin seeds (Borek et al. 2013a) . Nitrate, in contrast to asparagine, is not a favorable source of nitrogen in protein metabolism in lupin seeds (Ratajczak et al. 1988 (Ratajczak et al. , 1996 and rather does not influence the carbohydrate metabolism in lupin seeds (Borek et al. 2013a ). However, this inorganic kind of nitrogen, similarly as sucrose, is regarded as a factor which can regulate plant metabolism by changes in the expression of some genes (Vidal and Gutiérrez 2008) . According to current knowledge, the regulatory function of nitrate focuses on the root meristem activity (Crawford and Forde 2002; Liu et al. 2008) , nitrate transport, reduction and assimilation (Vidal and Gutiérrez 2008; Alvarez et al. 2012) , and expression of genes of central metabolism, for example, genes of some enzymes involved in the Krebs cycle (malate dehydrogenase and isocitrate dehydrogenase) (Aceituno et al. 2008 ).
Regulation of storage lipid accumulation in developing lupin seeds
Storage lipid in developing seeds is synthesized mainly from sugars (mostly from sucrose and glucose) and to a lesser extent from amino acids provided by the mother plant (Weber et al. 2005; Baud et al. 2008) . Sugars in lipidstoring cells undergo glycolysis, which occurs both in cytoplasm and in plastids. Within plastids, acetyl-CoA, a direct substrate for fatty acid biosynthesis, is synthesized. In plastids, the most common fatty acids, such as palmitic acid, stearic acid and oleic acid, are mainly synthesized.
Lengthening and other modifications of fatty acids already occur in the endoplasmic reticulum. In this organelle, through the Kennedy pathway, triacylglycerols (the main component of storage lipid) are synthesized from fatty acids and glycerol-3-phosphate. Finally, storage lipid is deposited in cytoplasm in the form of oil bodies (oleosomes) (Fig. 1) . Experiments conducted on developing lupin cotyledons cultured in vitro showed that sucrose significantly enhances lipid accumulation. A similar, but less evident, effect was observed regarding protein content (Borek et al. 2009 ). Asparagine, as a 'central' amino acid in nitrogen metabolism of lupin seeds, significantly enhanced accumulation of protein, but simultaneously reduced lipid content. However, the key result was an effect caused by nitrate, which simultaneously increased the content of both lipid and protein. The stimulatory effect of nitrate was more evident in cotyledons fed with sucrose than in those not fed with sugar. Nitrate caused an increase in lipid content by 7.8 % in sucrose-fed yellow lupin cotyledons, by 8.6 % in white lupin cotyledons, and by 10.2 % in Andean lupin cotyledons. The simultaneous increase in protein content was 16.1, 9.3 and 11.4 %, respectively. To explain the mechanism of the stimulatory effect of nitrate, the data obtained from experiments with specifically 14 C-labeled acetate (1-and 2-14 C-acetic acid) were necessary. Acetate after entering the cell is activated to acetyl-CoA (Turner et al. 2005; Hooks et al. 2007 ) and can be a substrate for storage lipid biosynthesis. Analysis of radioactivity of the lipid fraction of isolated cotyledons cultured in vitro showed significantly lower labeling in organs fed with nitrate. Comparing this result with the higher lipid content, one may suspect that during enhanced lipid biosynthesis from non-labeled substrate (sucrose) the radioactivity of the accumulated lipid is finally decreased. Based on such results and literature data showing that nitrate enhances glycolytic efficiency in embryos of Brassica napus (Junker et al. 2007) , the hypothesis was formulated that the stimulation by nitrate of storage lipid synthesis in developing lupin seeds is due to the intensification of the flow of carbon through the process of glycolysis. In such circumstances, a larger amount of acetyl-CoA is synthesized, and in turn it leads to enhanced lipid accumulation (Borek et al. 2009 ).
The above-described results are the only ones in the scientific literature which point to the possibility of a simultaneous increase in lipid and protein content in maturing legume seeds. There are many papers describing a completely opposite relationship in legume seeds, i.e., a strong negative relationship in lipid and protein accumulation. This negative relationship was discovered already in the middle of the last century, and has been confirmed many times since, especially in soybean seeds (Chung et al. 2003) . The same negative relationship in developing lupin cotyledons was caused by asparagine (Borek et al. 2009 ). The discovery that it is possible to achieve a positive relationship in lipid and protein accumulation by the simple manipulation of trophic conditions of in vitro culture is especially important because it brings understanding of an important part of the regulatory mechanisms operating in maturing seeds. It also encouraged further research to verify whether the in vitro observed effect of nitrate would be reflected in field conditions, because achieving this goal would have a high economic importance. Unfortunately, experiments executed later on developing yellow lupin pods grown in quasi in vitro culture (the culture was conducted under not fully sterile conditions), and experiments conducted under field conditions, showed that the positive effect of nitrate is only available in isolated developing lupin cotyledons which are cultured under artificial in vitro conditions (Borek et al. 2014) . Experiments conducted on the developing pods showed that the positive relationship caused by nitrate (as well as the negative relationship caused by asparagine) was the same as that observed in isolated cotyledons cultured in vitro, but the effect caused by the trophic conditions of in vitro culture was remarkably less evident. And no effect of nitrate was observed under field conditions. Application of nitrate fertilizer (40 or 80 kg of N per ha) did not cause changes in lipid and protein content in mature lupin seeds (Borek et al. 2014 ). The measurement of nitrate level in particular parts of developing lupin pods (wall of pod, seed cover and embryo) showed that this inorganic kind of nitrogen is accumulated in the wall of the pod, and its level in developing cotyledons inside the pod remains low and is only slightly elevated by exogenously applied nitrate. Only application of nitrate to isolated cotyledons cultured in vitro causes the positive relationship in storage lipid and protein accumulation, because nitrate can be taken up by cotyledons and can enter the cells where storage compounds are synthesized (data not published). Probably in pods there exists a mechanism involving specific transporters which precisely control the content of the nutritional cocktail loaded from the mother plant to the developing seeds.
During the research conducted on developing lupin seeds (Borek et al. 2009 ), special attention was also paid to the properties of lupin oil. Yellow lupin oil contains a high amount of linoleic acid, similarly as soybean and sunflower oils. White lupin oil contains a high amount of oleic acid and in this respect is similar to canola oil. However, the most interesting feature is that Andean lupin oil contains high amounts of oleic and linoleic acids, combining features of soybean, canola, and sunflower oils. Moreover, Andean lupin oil does not contain erucic acid, which is harmful for the human organism. Lupin oils also contain a high amount of phosphatidylcholine, i.e., lecithin. These properties of lupin oils increase the potential for industrial use of lupin seeds to produce oil with high quality parameters that are relevant in the human diet. Regulation of storage lipid breakdown in germinating lupin seeds
The mobilization of storage lipid during seed germination begins with the decomposition of the triacylglycerols accumulated in oil bodies into free fatty acids and glycerol. Mostly lipases are active at this stage of the process (Barros et al. 2010) . Next, the fatty acids undergo b-oxidation, which occurs in peroxisomes (glyoxysomes). The following step is the glyoxylate cycle, which partially occurs in the peroxisome and partially in the cytoplasm. In the peroxisome are located three of the five enzymes of the glyoxylate cycle (citrate synthase, isocitrate lyase and malate synthase), while two other enzymes (aconitase and malate dehydrogenase) operate in the cytoplasm (Pracharoenwattana and Smith 2008) . Succinate synthesized in the peroxisome, after transport into the mitochondrium, is converted to malate through a part of the Krebs cycle. This metabolite, in turn, after transport to the cytoplasm, is converted to oxaloacetate. The last step of storage lipid breakdown is gluconeogenesis and the synthesis of sugars, which are a form of carbon transport in plants (Quettier and Eastmond 2009; Borek and Ratajczak 2010) (Fig. 2) .
Since sugars are one of the end-products of storage lipid breakdown during seed germination, the regulatory function of sucrose is primarily investigated. The in vitro culture of lupin embryo axes and cotyledons isolated from imbibed seeds and the in vitro culture of whole lupin seedlings are very useful in the research. By the addition of sucrose to the culture medium or by a lack of sugar in the medium, it is possible to manipulate the sugar level in tissues of organs of germinating lupin seeds (Borek et al. 2006 ). Ultrastructural observations of cells (Borek et al. 2006 (Borek et al. , 2012a ) and the measurement of lipid content (Borek et al. 2012b ) in lupin seedlings and isolated embryo axes and cotyledons cultured in vitro for 96 h showed that the sugar deficit in tissues enhances lipid breakdown only in seedlings and in isolated cotyledons. A completely opposite relationship was observed in lupin sugar-starved isolated embryo axes cultured for 96 h in vitro. In these organs, the lipid content was significantly higher than in axes fed with sucrose (Borek et al. , 2012b . The total lipid content in sugar-starved isolated embryo axes of yellow lupin cultured in vitro was higher by 43 % than in the sucrose-fed axes; in axes of white lupin, it was higher by 44 %, and in axes of Andean lupin it was higher by 70 % (Borek et al. 2012b ). This result is completely inconsistent with numerous other literature data, and the mechanism of such an effect remains unexplained. In the literature, there is described a considerable intensification of breakdown of storage compounds in sugar starvation conditions (exactly as was observed in cultured in vitro lupin seedlings and isolated cotyledons) (Morkunas et al. 2012) . It was noted, however, that in sugar starvation conditions autophagy occurs in isolated lupin embryo axes. Symptoms of autophagy were a huge increase in cell vacuolization (Borek et al. 2006 and a significant decrease in phosphatidylcholine content (Borek et al. 2012b) . Based on such results, the following hypothesis was formulated. Autophagy causes disturbances in action of the enzymes involved in storage lipid breakdown. More precisely, in conditions of sugar starvation, the peroxisomes could be degraded during autophagy. This causes that the breakdown of storage lipid in sugar-starved embryo axes can be disrupted and more lipid remains in sugarstarved axes compared to the sugar-fed organs. In cells of axes fed with sucrose, autophagy does not occur; they grow intensely and lipid reserves are utilized in larger quantities (Borek et al. , 2012b . The above-presented hypothesis was recently supported by ultrastructural observations of cells of sugar-starved isolated embryo axes which were simultaneously fed with asparagine. This amino acid remarkably slows down the decomposition of autophagic bodies in sugar-starved lupin embryo axes, and this allows identification of the cell organelles which are degraded during autophagy. Among them were peroxisomes. Such results support another hypothesis that in sugar-starved lupin embryo axes, pexophagy (a special kind of autophagy during which the peroxisomes are selectively degraded) can occur (Borek et al. 2013c) .
Note, however, that the above-described special regulatory role of sucrose in lupin-isolated embryo axes is manifested only at the level of cell ultrastructure and at the level of analytical determinations of lipid content in the examined organs. Nevertheless, the changes observed at the level of enzymes activity, mRNA content, phospholipid content, and fatty acid spectra tend to fit into a more general picture of changes in lipid metabolism caused by changing sugar content in tissues-a picture that is consistent for both isolated embryo axes and for isolated cotyledons and organs of seedlings. Moreover, this regulatory role of sugars in the mobilization of storage lipid is based on changes in the expression of genes encoding enzymes involved in pathways of storage lipid breakdown (Borek and Nuc 2011) .
Analyzing changes in enzyme activities and mRNA levels for selected enzyme proteins, it can be stated that in sugar deficiency or starvation conditions in tissues there occurs intensification of storage lipid breakdown, but only the initial stages of this process are enhanced (Fig. 3) . Examples include a marked increase in sugar starvation conditions of activity and mRNA level of lipase (lipolysis) and the increase in activity of acyl-CoA oxidase and catalase (b-oxidation of fatty acids) (Borek and Nuc 2011; Borek et al. 2013b) . In turn, the activity and mRNA level of cytosolic aconitase, isocitrate lyase activity (glyoxylate cycle) and the activity of phosphoenolpyruvate carboxykinase (gluconeogenesis) were significantly higher in organs (especially in isolated lupin embryo axes) fed with sucrose (Borek and Nuc 2011; Borek et al. 2013b) . Also, activity and mRNA level of cytosolic isocitrate dehydrogenase were higher in sucrose-fed embryo axes (Borek et al. 2006; Borek and Nuc 2011) (Fig. 3) . These results are completely opposite to the numerous literature data which show increased activity and gene expression of enzymes involved in breakdown of storage compounds, or generally involved in catabolic processes in conditions of low sugar level in tissues. However, an explanation of (2010), Borek et al. (2013b) and literature cited there. During seed germination, as well as during seedling growth, triacylglycerols (TAG) are decomposed mainly by lipases. Liberated fatty acids undergo boxidation in the peroxisome (called also a glyoxysome in oilseeds). This process generates acetyl-CoA which during the glyoxylate cycle (that occurs both in the peroxisome and in the cytosol) is converted to succinate. Next, through part of the tricarboxylic acid (TCA) cycle succinate is converted to malate. The last step of storage lipid mobilization is synthesis of sugars through the gluconeogenesis pathway. Sucrose as the main carbon transport form is exported to other, non-storing tissues of developing seedling Fig. 3 Activity and mRNA level for selected enzymes involved in storage lipid breakdown in yellow lupin embryo axes which were isolated from imbibed seeds and next were grown in vitro for 96 h in darkness on liquid mineral medium supplemented with sucrose (?S) or without the sugar (-S), based on Borek and Nuc (2011) and Borek et al. (2006 Borek et al. ( , 2013b . Breakdown of storage lipid is initiated by lipases which are active on the surface of oil bodies. Acyl-CoA oxidase is the enzyme which introduces fatty acids into the b-oxidation cycle. During this cycle H 2 O 2 is also generated, and this toxic kind of oxygen is decomposed by catalase. The glyoxylate cycle is catalyzed by five enzymes, i.e., by citrate synthase (1; operates inside the peroxisome), aconitase (2; operates in the cytosol), isocitrate lyase (3; peroxisome), malate synthase (4; peroxisome), and malate dehydrogenase (5; cytosol). Aconitase is also one of the enzymes of the TCA cycle. Phosphoenolpyruvate (PEP) carboxykinase starts the gluconeogenesis pathway. In tissues of germinating lupin seeds, isocitrate dehydrogenase is active. This is an important enzyme in one of the newly described pathways of carbon flow from fatty acids to amino acids in lupine tissues (Fig. 4) . By the action of this enzyme, the lipidderived carbon atoms could be subtracted from the typical pathway of storage lipid breakdown and could be directed to amino acids synthesis Acta Physiol Plant (2015) 37:119 Page 7 of 11 119 these lupin-specific results was possible upon obtaining data from experiments in vivo with specifically 14 C-labeled acetate (1-and 2-14 C-acetic acid). In experiments on storage lipid breakdown during seed germination, exogenously applied acetate is used as a precursor of fatty acid. Part of it can be directed into the peroxisome and is activated by acetyl-CoA synthetase (AcetCS) (Turner et al. 2005; Hooks et al. 2007 ). In such a way, acetate can be included in pathways of storage lipid breakdown. These studies led to the discovery of strong links between pathways of storage lipid and pathways of storage protein breakdown (Borek et al. 2003; Borek and Ratajczak 2010) . It turns out that during lupin seed germination the flow of lipid-derived carbon skeletons to amino acids (mainly asparagine, glutamine and glutamate) occurs, and this flow is clearly more intense in sucrose-fed axes. Isolated lupin embryo axes (as well as isolated cotyledons) fed with sucrose grow more intensely than organs not fed with sucrose, and the lipidderived carbon skeletons can complement the source of organic carbon in conditions of enhanced biosynthesis of amino acids. The results allowed four alternative or mutually complementary pathways of carbon flow from storage lipid to amino acids in germinating lupin seeds to be described (Borek and Ratajczak 2010) (Fig. 4) . Probably, the carbon skeletons 'leave' the classic (described for germinating oilseeds) pathway of storage lipid breakdown at the stage of the glyoxylate cycle. As mentioned above, two of five enzymes of this cycle operate in the cytoplasm. They are aconitase and malate dehydrogenase. Therefore, the substrate and product of aconitase (citrate and isocitrate, respectively) and the substrate and product of malate dehydrogenase (malate and oxaloacetate, respectively) must appear in the cytoplasm (Pracharoenwattana and Smith 2008) . Thus, these compounds can 'leave' the glyoxylate cycle, and more or less directly can be used for the synthesis of amino acids, which occurs in the cytoplasm. In addition to the cytosolic enzymes of the glyoxylate cycle, also of importance in these pathways is the cytosolic isocitrate dehydrogenase, which catalyzes the conversion of isocitrate to 2-oxoglutarate (Borek et al. 2006 . As already mentioned, the carbon flow from fatty acids to amino acids was more intense in the sucrosefed axes, and the activity and mRNA level of this enzyme were also elevated in conditions of good supply of tissue with sugars (Borek et al. 2006; Borek and Nuc 2011) (Fig. 3) . The existence of pathways of asparagine biosynthesis is especially important for legumes because in these plants the nitrogen metabolism is intensive. In germinating lupin seeds, amino acids liberated from storage proteins are used as respiratory substrates (Borek et al. 2001; Lehmann and Ratajczak 2008) , and during deamination reactions toxic ammonia is generated. To protect tissues from ammonia poisoning, asparagine is synthesized (Lehmann and Ratajczak 2008) . The above-mentioned pathways of carbon flow from fatty acids to asparagine in germinating lupin seeds are additionally important in preventing ammonia poisoning because they supply the precursors (oxaloacetate and aspartic acid) for asparagine biosynthesis.
The majority of the research described in this review was simultaneously conducted on seeds of three lupin species (Borek et al. 2009 (Borek et al. , 2012a (Borek et al. , b, 2013a which significantly differ regarding storage lipid content. They were seeds of yellow lupin (lipid content about 6 % in seed dry matter), white lupin (lipid content 7-14 %) and Andean lupin (lipid content about 20 %). The results obtained have shown that the regulation of lipid metabolism in lupin seeds seems to be independent of the amount of this storage compound in seeds. This concerns both the regulation of lipid biosynthesis in developing seeds and lipid degradation during lupin seed germination. The regulatory role of sucrose (as well as asparagine and nitrate) is almost identical in all three investigated lupin species. However, the lipid content, or rather the relative proportions of storage lipid and protein contents, is important in a broader sense of regulation of storage compound mobilization during lupin seed germination. Discussing this process in germinating lupin seeds, it should be kept in mind that protein is the main storage compound in these species. Protein content in mature, dry yellow lupin seeds can reach about 45 % of dry matter (Cerletti 1982) ; in white lupin seeds, its content can reach 38 % (Mohamed and Rayas-Duarte 1995) , and in Andean lupin seeds protein content can vary from 40 to 50 % (Santos et al. 1997) . Mature, dry lupin seeds do not contain starch (Borek et al. , 2013a . Research using specifically 14 C-labeled acetate and a glutamine synthetase inhibitor (MSO, L-methionine sulfoximine) pointed to different strategies in mobilization of storage compounds during germination of seeds of investigated lupin species . In germinating yellow lupin seeds, characterized by a much higher content of storage protein than storage lipid, the main metabolites are amino acids. Amino acids are used in many anabolic processes, but they are also important respiratory substrates in germinating lupin seeds (Borek et al. 2001; Lehmann and Ratajczak 2008) . Disturbances in amino acid metabolism in organs of germinating yellow lupin seeds (caused by MSO) do not cause any significant changes in the intensity of breakdown of small quantities of storage lipid. In the case of germinating white lupin seeds, starch appears in axes and cotyledons already at the stage of seed imbibition (Borek et al. , 2013a . Thus, there is an additional source of substrates used in anabolic processes and in respiration. In such circumstances, the disturbances in amino acid metabolism (by MSO) also did not result in clear intensification of storage lipid breakdown. However, a completely different strategy was observed in germinating Andean lupin seeds. Seeds of this species contain large quantities of both protein and lipid. The high lipid content in the seeds must be connected with the proper functioning of the enzymatic apparatus which allows the breakdown of this important storage compound. Therefore, disturbances in amino acid metabolism (due to Fig. 4 Schematic representation of alternative pathways of carbon flow from fatty acids to amino acids in germinating seeds of yellow lupin, based on Borek et al. (2003) and Borek and Ratajczak (2010) . The typical pathway of storage lipid conversion into sugars in plants (existing also in lupin tissues) is marked by the gray background and solid-line arrows. However, in tissues of germinating lupin seeds, the more or less direct carbon flow from storage lipid to amino acids was discovered. At least four alternative or mutually complementary pathways exist in lupin tissues (marked by dashed-line and dotted-line arrows). Cytosolic intermediates of the glyoxylate cycle are very important in the newly described pathways. TAG, triacylglycerol application of MSO) and thus decreasing intensity of storage protein breakdown were quickly and very clearly compensated by more intense decomposition of storage lipid. In such circumstances, fatty acids can become important substrates in anabolic processes and respiratory substrates. Such a strategy is possible even in the deficit of sugar in tissues . The discovery of different strategies of storage compound mobilization during lupin seed germination is an important result of the abovedescribed comparative experiments.
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